Abstract-Since the inception of Wireless Local Area Networks (WLANs) in the year 1997, it has tremendously grown in the last few years. IEEE 802.11 is popularly known as WLAN. To provide the last mile wireless broadband connectivity to users, IEEE 802.11 is enriched with IEEE 802.11a, IEEE 802.11b and IEEE 802.11g. More recently, IEEE 802.11n, IEEE 802.11ac and IEEE 802.11ad are introduced with enhancements to the physical (PHY) layer and medium access control (MAC) sublayer to provide much higher data rates and thus these amendments are called High Throughput WLANs (HT-WLANs). In IEEE 802.11n, the data rate has increased up to 600 Mbps, whereas IEEE 802.11ac/ad is expected to support a maximum throughput of 1 to 7 Gbps over wireless media. For both standards, PHY is enhanced with multiple-input multiple-output (MIMO) antenna technologies, channel bonding, short guard intervals (SGI), enhanced modulation and coding schemes (MCS). At the same time, MAC layer overhead is reduced by introducing frame aggregation and block acknowledgement technologies. However, existing studies reveal that although PHY and MAC enhancements promise to improve physical data rate significantly, they yield negative impact over upper layer protocols -mainly for reliable end-to-end transport/application layer protocols. As a consequence, a large number of schools have focused researches on HT-WLANs to improve the coordination among PHY/MAC and upper layer protocols and thus, boost up the performance benefit. In this survey, we discuss the impact of enhancements of PHY/MAC layer in HT-WLANs over transport/application layer protocols. Several measures have been reported in the literature that boost up data rate of WLANs and use aforesaid enhancements effectively for performance benefit of end-to-end protocols. We also point out limitations of existing researches and list down different open challenges that can be explored for the development of next generation HT-WLAN technologies.
providing the last mile wireless broadband connection with an easy-to-use auto-configuration and self-healing capabilities. Therefore, the development of IEEE 802.11 has witnessed rapid prototyping with a large number of augmentations to the basic protocol. In IEEE 802.11a, IEEE 802.11b and IEEE 802.11g, new PHY features were introduced, whereas new MAC standards were developed in IEEE 802.11e and IEEE 802.11s. Recently, with the extensive demand for capacity and physical data rates, the Wi-Fi technology has been augmented with high to very high throughput extensions like IEEE 802.11n, IEEE 802.11ac and more recently, IEEE 802.11ad.
Background: IEEE 802.11 [1] , wireless local area network (WLAN), was introduced in 1997 in 2.4 GHz frequency band having data rates of 1 Mbps and 2 Mbps. IEEE 802.11a and IEEE 802.11b were introduced in 1999. IEEE 802.11a supports data rate up to 54 Mbps with frequency band 5 GHz, whereas IEEE 802.11b supports a maximum of 11 Mbps. However, the frequency band is lower, which is 2.4 GHz. In 2003, IEEE 802.11g was introduced with the maximum data rate of 54 Mbps in 2.4 GHz frequency band. To define a set of quality of service (QoS) features for WLANs through the modification of MAC, IEEE 802.11e amendment was released in the year of 2005. However, multimedia applications require more bandwidth for its audio and video transfers and the increasing demand of multimedia applications over WLANs could not be fulfilled by IEEE 802.11a/b/g standards due to their low throughput and low capacity. Hence, there was a requirement to significantly boost up the physical data rate and the overall throughput of IEEE 802.11 based WLANs. Thus, new amendments of WLANs were introduced. IEEE 802.11n [2] was released in 2009. IEEE 802.11ac [3] was approved in the year of 2014. These specifications provided a solution for supporting higher data rate up to 600 Mbps in IEEE 802.11n and 7 Gbps in IEEE 802.11ac apart from increasing the range of WLAN coverage.
To boost up the physical layer throughput, coverage and reliability, IEEE 802.11n [2] and IEEE 802,11ac [3] include many enhancements. Several modulation techniques and advanced signal processing techniques have been added to the PHY layer exploiting channel bonding and multiple antennas to create wider channels. Some enhancements have been adopted in the MAC sublayer to reduce MAC overhead. The PHY enhancements include MIMO (IEEE 802.11n), multi-user MIMO (IEEE 802.11ac/ad), channel bonding and short guard interval (SGI). Channel bonding increases channel bandwidth by combining multiple 20 MHz channels. In IEEE 802.11, guard intervals are used to ensure that transmissions belonging to different users do not interfere with each other. In SGI introduced in IEEE 802.11n, 400 ns guard interval is used in contrast to standard 800 ns to reduce the interference overhead when only a small number of stations contend for the wireless channel. The HT-WLAN standards also define advanced modulation and coding schemes (MCS) -an assignment of simple integer to every permutation of coding rate, modulation, channel width, SGI and number of MIMO spatial streams. The MAC layer is enhanced by adding frame aggregation, block acknowledgement (BACK) and reverse direction (RD) mechanisms.
Existing Surveys and Objective of this Survey: Although there exists a few surveys on high throughput wireless access networks, like [4] [5] [6] , they primarily discussed about the physical and MAC layer enhancements that help to boost up the physical data rates. However, a large number of recent studies actually deal with the performance analysis of IEEE 802.11n and IEEE 802.11ac networks, and they show that higher PHY and MAC data rates do not necessarily translate into corresponding increments in upper layer, like transport/application layer throughput. For instance, TCP is one of the mostly used reliable transport layer protocols that is used extensively for application development. The recent studies like [7] [8] [9] show that TCP indeed exhibits a negative impact on IEEE 802.11n channel bonding; in many cases, TCP goodput at 20 MHz is found to be more than TCP goodput at 40 MHz, although 40 MHz provides better physical data rate.
This survey focuses on the impact of different enhancements of PHY and MAC layer introduced in IEEE 802.11n and IEEE 802.11ac on upper layer protocols such as TCP and UDP, and on QoS mechanisms. We enumerate the challenges that influence the upper layer performance like transport/application layer throughput using TCP/UDP. We also focus on future works as well as open issues in IEEE 802.11n and IEEE 802.11ac WLANs. In the rest of the paper, we use the terms 'upper layer' and 'transport/application layer' interchangeably.
Uniqueness of this Survey: A survey on PHY/MAC Enhancements with QoS mechanisms for HT-WLANs is presented in [4] . It elaborately discusses different enhanced PHY and MAC features introduced in several high throughput amendments of IEEE 802.11. The performance of these features is discussed in the presence of QoS and different traffic categories. However, it does not focus on end-toend performance and thus the impact of several PHY/MAC enhancements over transport/application layer protocols has not been analyzed in that survey. To the best of our knowledge, our survey is the first in this direction to consider the issue of upper layer throughput as a consequence of PHY/MAC enhancements of IEEE 802.11n and IEEE 802.11ac.
Organization of this Survey: The rest of the survey is organized as follows. In § II, we present a brief overview of IEEE 802.11n and IEEE 802.11ac with PHY/MAC enhancements.
§ III mentions how the existing literature has been classified into different tables to present comparative studies, which is followed by an analysis of impact of PHY/MAC enhancements over upper layer protocols. To analyze this impact, we consider one PHY/MAC enhanced feature of HT-WLANs in § IV. 
A. Overview of IEEE 802.11n Enhancements
IEEE 802.11n was released with several enhancements to the IEEE 802.11 PHY and MAC layers [2] . These enhancements significantly improved the performance and reliability of wireless local area network. The main features of IEEE 802.11n can be categorized as -PHY enhancements and MAC enhancements. A detailed description of several enhanced PHY and MAC features in IEEE 802.11n is presented in the following.
1) PHY Enhancements:
There are some enhancements in PHY layer to increase transmission range and data rate. These enhancements are discussed as follows.
i) Multiple Input Multiple Output (MIMO):
OFDM-MIMObased physical layer, which can provide higher data rates and higher range, is introduced in IEEE 802.11n. It is an antenna technology where both the transmitter and the receiver use multiple antennas. The antenna circuits are combined to optimize data rate and minimize errors. Multiple antennas help to transmit and receive data simultaneously. IEEE 802.11n defines M × N antenna combinations where M is the number of transmit antennas and N denotes the number of antennas in the receiver side. M and N vary from 1 to 4. More than one antenna can be used simultaneously and this mechanism can increase the maximum data rate. There are three types of MIMO mechanisms as given in the following.
• Spatial Multiplexing (SM): In this mechanism, the outgoing signal stream is divided into multiple pieces which are simultaneously transmitted through different antennas. These pieces are called spatial streams which arrive at receiver side with different strengths and delays. It doubles the capacity effectively, and maximizes transmission rate. All access points (APs) must use at least two spatial streams, and stations (STAs) can use as few as one stream.
• Space-Time Block Coding (STBC): Using different coded spatial streams, the outgoing signal streams are redundantly transmitted, each through a different antenna. It helps to improve reliability by reducing the error rate for a given signal-to-noise ratio (SNR). When the number of antennas in the transmitter side is higher than that of the receiver, spatial multiplexing can be combined with this feature.
• Transmit Beamforming: It is a signal transmission technique from an array of multiple antennas to single or multiple users. This feature focuses on the outgoing signal streams at the direction of the intended receiver concentrating on the transmitted Radio Frequency (RF). Hence, it can sustain higher data rates and improve received SNR.
There is also an advanced MIMO technology called multi-user MIMO (MU-MIMO) where the available antennas are spread over independent access points each having one or more antennas. In that case, separate signals can be transmitted and received simultaneously by multiple transmitters and receivers respectively in the same band.
ii) Channel bonding: This is a mechanism to deal with combining two adjacent 20 MHz channels to create a 40 MHz channel. Ideally, it can double the PHY data rate, but other devices are left with fewer channels. In 2.4 GHz frequency band, there are three non-overlapping 20 MHz channels. In 5 GHz frequency range, 24 non-overlapping 20 MHz channels and maximum of 12 non-overlapping 40 MHz channels are available. Furthermore, 5 GHz frequency band suffers from less interference since 2.4 GHz band shares frequency with commonly used consumer products like Bluetooth, microwave oven, and cordless phones. With proper implementation, 40 MHz channels are more effective than 20 MHz channels depending on the wireless environment.
iii) Modulation and Coding Scheme (MCS): IEEE 802.11n nodes need to be adjusted with the channel width, the number of spatial streams, guard interval, coding rate and the type of RF modulation to be used. The combination of all these features determines the PHY data rate, ranging from 6.5 Mbps to a maximum of 600 Mbps. MCS is an integer assigned to each permutation of channel width, number of spatial streams, guard interval, modulation type and coding rate. Important factors of MCS are discussed in Figure 1 .
• Modulation and Coding Rate: This factor determines how data will be sent over the air. IEEE 802.11 started with binary phase-shift keying (BPSK) and IEEE 802.11a added quadrature amplitude modulation (QAM). Updated modulation methods and coding rates are more efficient and sustainable for higher data rates, but older methods are still supported by HT-WLANs for compatibility with backward standards. To achieve data rate around 600 Mbps, IEEE 802.11n uses 64-QAM with coding rate 5/6. Figure 1 shows the MCS values used in IEEE 802.11n. From this figure, it can be observed that the maximum data rate is achieved for the MCS 31 using 4 spatial streams and at a coding rate of 5/6. It is also shown that 40 MHz channel with 400 ns guard interval achieves the maximum data rate.
• Guard Interval: It is the time interval between transmitted symbols. Guard interval is needed to avoid inter-symbol 2) MAC Enhancements: There are many MAC enhancements introduced in IEEE 802.11 WLANs to decrease MAC overhead. These enhanced features help to achieve high throughput in WLANs.
i) Frame Aggregation: Increasing the transmission rate of PHY alone is not enough to meet the desired MAC throughput (more than 100 Mbps). In legacy IEEE 802.11, the MAC overhead has been partially solved by the transmission opportunity (TXOP) technique introduced by IEEE 802.11e amendment. Frame aggregation is very much helpful in enhancing further channel utilization and efficiency of a wireless station. This mechanism combines multiple data packets arrived from the transport/application layer and forms a larger aggregated data frame. In this way, the overhead of frame header as well as inter frame time is saved. The following types of frame aggregations are available.
• 
ii) Block Acknowledgement (BACK):
This operation was introduced in IEEE 802.11e that incorporates the TXOP mechanism. This feature is enhanced in IEEE 802.11n to be applied with frame aggregation mechanism as shown in Figure 3 . An aggregated frame may reduce the overhead significantly in a transmission but frame error rate (FER) is increased with higher size of aggregated frames. Hence, it further reduces the network throughput, and may need multiple retransmissions of the same frame. The BACK mechanism is modified in IEEE 802.11n to support multiple MPDUs in an A-MPDU to overcome this drawback. When the receiver finds errors in some MPDUs of an A-MPDU, it sends a BACK. This BACK contains the acknowledgements of correct MPDUs only. Then, the sender retransmits only the MPDUs which are not acknowledged. This mechanism can be applied to A-MPDU only, but not to an A-MSDU. For error recovery, the whole A-MSDU is needed to be retransmitted when it is found to be incorrect. As the maximum number of MPDUs is 64 in an A-MPDU, one BACK bitmap is able to acknowledge at most 64 MPDUs.
iii) Reverse Direction (RD):
This feature is responsible for enhancing efficiency of TXOP. In conventional TXOP technique, transmission is unidirectional from the station which holds TXOP. Thus, it is not possible to apply TXOP mechanism in bi-directional network traffic services like Voice over IP (VoIP), video conference, online gaming etc. Hence, performance is degraded by random back off in bi-directional network traffic which leads to lower network throughput.
Reverse direction mechanism is shown in Figure 4 . There are two types of wireless stations -RD initiator and RD responder. After holding TXOP, RD initiator sends a reverse direction grant (RDG) with a data frame to RD responder. After receiving it, RD responder responds with an RDG acknowledgement (ACK) when it has some data to send. If ACK is received, RD initiator waits for the data transmission that will be started from RD responder after a Short Interframe Space (SIFS). SIFS is the time interval between receiving a frame and responding with an ACK frame. If there is more data to be sent, RD initiator can accept or reject the request. Hence, data packets do not wait in the queue until the RD initiator can hold a TXOP. Thus, RD achieves reduction in delay in the reverse link traffic. This feature enhances the channel utilization by allocating the unused time of TXOP to its receivers and thus, the performance of RD is improved. is an approved amendment that defines a set of QoS enhancements for WLANs applications implementable through modifications at the MAC. This extension adds QoS facilities with a set of enhancements to improve the performance of WLANs. These new facilities help network managers to configure parameters of networks to match application requirements. Understanding newly added access methods and the effect of their parameters on network performance are important to ensure high throughput in WLANs.
PHY HEADER
There are two access methods defined in IEEE 802.11 standard. The basic one is Distributed Coordination Function (DCF) using Carrier Sense Multiple Access with Collision Avoidance (CSMA/CA). The other method is Point Coordination Function (PCF). DCF uses an optional Request to Send/Clear to Send (RTS/CTS) mechanism to share the wireless medium between stations. The sender waits to begin the data transmission until it finds that the medium is idle. The receiver sends an acknowledgement to the sender to inform about the successful transmission of data. When a station senses that the medium is idle, a random number is generated within a given bound defined by Contention Window (CW). Then, the station begins to decrease the random number. When this number reaches zero, the station starts to transmit data if the wireless medium is free. Otherwise, the station initiates another random number and repeats this procedure. On the other hand, PCF defines a polled protocol but this access mechanism has not yet been widely implemented in WLANs. Both DCF and PCF do not support any type of prioritization in data.
i) Access methods: Hybrid Coordination Function (HCF) is an access method defined by IEEE 802.11e. DCF and PCF are replaced by HCF with new access types to ensure improvement of bandwidth. It also reduces latency of high-priority network traffic and thus, provides high throughput performance. HCF is of two types: Enhanced Distribution Coordinate Access (EDCA) and Hybrid Controlled Channel Access (HCCA). EDCA is the extension of DCF and HCCA extends PCF. There are four network access categories (ACs) specified by EDCA. These are Background (BK), Best Effort (BE), Video (VO) and Voice (VO), where each category corresponds to a type of data service. There are four parameters configuring for each of these access categories: CWmax (Maximum Contention Window) CWmin (Minimum Contention Window), TXOP limit and AIFS (Arbitration Inter-Frame Space).
The configuration of parameters of different classes of data services helps network managers in tuning networks for traffic loads and mix of applications. A station waits for sending data until it finds that the medium is not busy. In EDCA, the station waits for an additional time period which is called AIFS. This additional time period is determined by the type of transmission. The AIFS value of access category of data determines this additional waiting period. It should be a small value for voice data. For other data, a random number is generated between CWmin and CWmax by stations using AIFS. A low CWmax and low CWmin should be used in data with high-priority. The TXOP limit of access category specifies the maximum length of a transmission. If the data is too large, it is split into multiple transmissions. Voice data should have small TXOP since its packets are short in size. HCCA is also a polled protocol like PCF. In HCCA, a station waits for even a shorter time almost comparable to AIFS of EDCA users. HCCA configures QoS settings for each application individually. There is a Hybrid Coordinator (HC) in HCCA mechanism and it is located in AP. HC polls individual stations and grants access to wireless medium based on a specific configured QoS settings. As the network traffic increases, high priority data service does not suffer since there is no contention in the network.
In IEEE 802.11n, QoS better than IEEE 802.11e can be incorporated. EDCA and HCCA provide better performance than legacy QoS. Using these QoS mechanisms, IEEE 802.11n can achieve high throughput.
ii) Automatic power save delivery: Automatic Power Save Delivery (APSD) is a new type of delivery having power save mode with notification mechanisms. It was introduced in IEEE 802.11e. It is also incorporated in IEEE 802.11n. As it leads to low power consumption, APSD is a more efficient mechanism of power management than the legacy IEEE 802.11. There are two ways in APSD to start delivery. One of them is called Scheduled APSD (S-APSD) and another one is Unscheduled APSD (U-APSD). In APSD, multiple frames can be transferred together by an AP to a powersaving wireless station during a service period. In S-APSD, service periods are started according to a predefined schedule which is known to the device equipped with power-saving mode. Hence, it allows AP to transfer its buffered data to wireless stations without any prior signaling. In U-APSD, when a frame is transmitted to an AP, a service period is initiated which allows the AP to send buffered traffic in another direction. Both EDCA and HCCA support S-APSD. U-APSD is available only in EDCA. Figure 5 . Channels of 80 MHz can be formed by the combination of two adjacent and non-overlapping 40 MHz bands. Further, 160 MHz channel can be created using two adjacent and non-overlapping channels of 80 MHz frequency band. Thus, IEEE 802.11ac provides more options of channel bonding to achieve better service than legacy standards. Wide range of channel bonding can increase the transmission range.
Higher data rates can be achieved with wider channel bandwidth. Table II shows the maximum theoretical data transmission rates in IEEE 802.11ac. This standard considers the highest possible coding scheme and modulation for a given channel bandwidth with a number of MIMO spatial streams. From Table II, the maximum transmission rate is seen to be 866.7 Mbps using eight MIMO spatial streams. It is achieved by coding rate of 5/6, Quadrature Amplitude Modulation (QAM) and guard interval of 400 ns.
As a consequence, IEEE 802.11ac can achieve theoretically even higher throughput than IEEE 802.11n. iii) Higher Order MIMO: Using 1 MIMO spatial stream, IEEE 802.11ac can achieve throughput of at least 1 Gbps in multi-station environments and at least 500 Mbps in single link. In IEEE 802.11ac, the number of MIMO streams is increased up to 8. Thus, a maximum of 8 antennas can be used simultaneously. Hence, more data can be transmitted at a given time interval and thus, network throughput is increased. IEEE 802.11ac can provide a very high throughput (approximately 7 Gbps using 8 MIMO spatial streams) in WLANs using 5 GHz band. Power consumption is also reduced using higher order MIMO. In the transmitter side, each antenna serves as a receiver. As a result, if the transmitter has n number of antennas, it can communicate with a maximum of n number of wireless receivers simultaneously. Hence, in IEEE 802.11ac, an AP can send multiple packets to multiple stations simultaneously. This can be possible by using up to a maximum of eight MIMO streams. These MIMO streams can be allowed to be divided among a maximum of four stations. Figure 6 illustrates this mechanism. Each station can use a maximum of four MIMO spatial streams in MU-MIMO transmission mode, supporting up to four clients in the downlink. As MU-MIMO enables an AP to transmit data to multiple stations simultaneously, this feature can greatly increase the throughput of network. Without MU-MIMO, every station may be served one at a time by the AP. Thus, the average throughput effectively is reduced by factor of four. Time-division multiplexing of data is required for Single user MIMO (SU-MIMO) to support multiple stations; and more antennas are needed for reception of data. Hence, SU-MIMO increases device cost. v) Higher Order Modulation: The highest order of modulation is 64 QAM in case of IEEE 802.11n. In IEEE 802.11ac, the constellation configuration is increased to 256 QAM. This feature increases transmission rate by 33% compared to IEEE 802.11n as shown in figure 7 . It is achieved by using eight coded bits/symbol instead of six bits. This higher order modulation helps to achieve very high throughput in WLANs. From Table II IEEE 802.11n does not properly define CTS/RTS handshake mechanism for managing bandwidth. In static bandwidth management, the receiver sometimes fails to use the actual available bandwidth. At the sender side, there is no interference in primary and secondary channels but the secondary channel has interference at the receiver side. So, the sender sends RTS on both channels but the receiver cannot transmit CTS on either secondary or primary channel in static mode. Hence, no data transmission occurs in this case.
In dynamic management mode defined in IEEE 802.11ac, channel interference signal is measured as per available channel. Then, the receiver can transmit CTS signal on each channel indicating which channels have no interference. In figure 8 , the transmission starts on the primary channel in dynamic bandwidth management. Thus, this mechanism improves the overall channel bandwidth utilization as well as network performance.
Mandatory and optional features of IEEE 802.11ac are discussed in Table III 
viii) Backward Compatibility:
It is required in IEEE 802.11ac to have full compatibility with IEEE 802.11a and IEEE 802.11n. This feature considers a backward compatible preamble which has a section to be understood by IEEE 802.11a/n devices. This property allows legacy wireless devices to work with the IEEE 802.11ac standard as intended.
The MAC layer enhancements of IEEE 802.11ac over IEEE 802.11n are discussed next. Figure 9 depicts MAC enhancements in WLANs beginning from legacy standards. It also shows enhanced PHY features in HT-WLANs. IEEE 802.11n introduced two forms of frame aggregation, which are called A-MSDU and A-MPDU. Most of IEEE 802.11n devices implement A-MPDU only. Implementation of both types of frame aggregations has a benefit at data rates over a single type of frame aggregation. As transmission rates of IEEE 802.11ac is much higher, we need to combine both aggregation types to achieve a very high throughput. This combination maintains a good efficiency in overall performance of network.
In IEEE 802.11ac, the maximum size of A-MSDU has been increased to 11454 bytes. An A-MSDU frame is encapsulated in MPDU. Then, multiple MPDUs are aggregated to create an A-MPDU. The maximum allowable size of a single A-MPDU is up to 1 Mbyte. All packets in IEEE 802.11ac are required to be A-MPDUs. The reason is that PHY signal field does not convey the length of frames in bytes but in OFDM symbols. Furthermore, a single MPDU contains only the packet duration but does not contain any length information. The delimiter in A-MPDU contains the length information of MPDU. Hence, IEEE 802.11ac requires that every packet even if it has just one MPDU, should provide the packet length information in bytes. A significant amount of studies on the performance of IEEE 802.11n/ac have been carried out analytically, experimentally and through simulation approaches. These works provide important insights and useful points of reference to assess the impact of PHY/MAC enhancements of HT-WLANs on upper layer performance. This effect on upper layer protocols is manly described as effects on two well established transport layer protocols -transmission control protocol (TCP) and user datagram protocol (UDP).
III. CLASSIFICATION OF EXISTING LITERATURE
Enhancement of PHY and MAC layers is not sufficient to achieve theoretical high data rates of HT-WLANs in practical scenarios. Upper layer protocols like TCP, UDP provide endto-end data transfer. Different layers work cooperatively in networking environment to provide final service to end users. There are many factors which can influence the performance of transport layer in HT-WLANs. Some such important factors are frame aggregation, block acknowledgement, OFDM-MIMO, channel bonding, physical layer capture (PLC) and rate adaptation method. Different link adaptation mechanisms have different impacts on network throughput and thus, they can affect performance of high throughput wireless network. Efficient power management schemes developed for HT-WLANs may also affect network performance adversely. Therefore, the interaction between the transport layer and PHY/MAC layers is an important area to be explored to achieve high application goodput in practical applications.
We have summarized works done so far which have discussed about how these enhancements have influenced the physical data rate in the new standards in Table VI -Table XIX. Some of these works have also discussed about the impact of these enhancements on upper layer protocols. We consider performance like TCP/UDP throughput, QoS performance, network capacity, flow performance, network architecture, transmission delay etc. as measures of upper layer protocols. These have been highlighted in the Tables. For each work, we have identified the strengths and weaknesses of the works. A list of such tables is presented in the appendix.
Many works have considered one or a combination of the aforesaid five/seven features and discussed about their influences on physical data rate and on throughput at upper layers. We have categorised the existing works related to IEEE 802.11n/ac according to the number of enhanced PHY/MAC features considered in the work. Accordingly, works have been summarized in several tables (Table VI to Table XIX) in the appendix. Table XVI -Table XIX In all these tables, we denote channel bonding, frame aggregation and block acknowledgement as CB, FA and BA respectively. [19] have worked with frame aggregation mechanism only. Only Daniel et al. [10] evaluated upper layer performance using frame aggregation. Dynamic rate adaptation can help HT-WLANs to meet their theoretical throughputs practically. Some existing works have addressed this issue and evaluated transport/application layer throughput considering one enhanced feature of PHY/MAC [20] [21] [22] [23] [24] [25] [26] [27] .
IV. IMPACT OF ONE NEW FEATURE OF IEEE 802.11N/AC

A. Impact of OFDM-MIMO
The MIMO-OFDM is the ideal successor of the present OFDM based wireless networks. Therefore, this feature should be helpful in increasing throughput of WLANs leading to high throughput in applications like wireless video streaming. Table VII -Table IX in the appendix highlight these works. MIMO helps to improve TCP/UDP throughput of HT-WLANs and its performance is analyzed in several literature [28] [29] [30] [31] [32] . OFDM-UWB has a lot of advantages because of its low power consumption and large bandwidth. In [28] , some design parameters of OFDM are highlighted. For example, OFDM-UWB can combat the A/D Converter (ADC) clipping better; it requires less ADC bit precision; it also provides a less Packet Error Rate (PER). Authors in [29] focus on tradeoffs between MIMO and beamforming technique. Single-User Beamforming (SU-BFM) and Multi-User Beamforming (MU-BFM) provide higher throughput at a longer distance. But, SU-MIMO and MU-MIMO raise data transmission rate at shorter distance. In [30] , a reference time synchronization mechanism is applied introducing improved and refined time estimation step. Authors in [31] discuss that streams and antenna selections are essential to exploit fully the advantages of MIMO technologies. They developed a new metric experimentally for selecting stream. This metric is known as Median Multiplexing Factor (MMF). Rademacher et al. [32] showed that the usage of a cross polarized antenna produces a very cost-effective solution for increasing throughput by approximately 100% without changing other QoS parameters like latency. Bandwidth enhancement has the same effect but it suffers from interferences from adjacent links within the frequency spectrum. Table VII -Table IX highlight main features of these works.
The MIMO-OFDM increases network throughput and range of communications significantly due to the use of multiple antennas. MIMO is used in some existing works such as [33] [34] [35] [36] without evaluating TCP/UDP throughput directly. These works can be extended to find impact of MIMO over upper layer throughput. A model is proposed in [34] that emulates the vehicular ratio through the frequency emulation module (FEM) within the signal coverage. This model analyzes the capability of TCP/IP for multiple access point (MAP) mode. Authors in [35] discuss the relationship among different key design parameters such as backhaul link rate, backhaul multihop distance, total coverage size, number of MIMO spatial stream etc.
Results in [36] show that for a given range, MIMO-OFDM throughput is increased by a maximum of 5 times than that of non MIMO-OFDM. Experiments show that the use of channel bonding provides a maximum data rate of almost 108 Mbps in 40 MHz frequency band [36] . Hence, IEEE 802.11n can achieve a maximum TCP throughput over 40 Mbps but conventional legacy standards have a maximum TCP throughput of around 25 Mbps.
An appropriate use of MIMO spatial streams can help in designing an efficient link adaptation scheme. Thus, MIMO can increase end-to-end throughput [20] , [22] . Works [20] , [22] are presented in Table VI and Table IX . In [20] , dynamic rate adaptation in MU-MIMO WLANs is decomposed to estimate two values. One of these valuse is the SNR, when wireless station transmits data to AP and the another one is the direction of this transmitted signal received at the AP. The adaptation with the appropriate selection of MIMO mode and MCS value together can achieve more efficient utilization of channel [22] . ESNR is a rate adaptation algorithm proposed in [37] using MIMO, specially for IEEE 802.11n. This scheme finds the highest rate configuration by applying the current channel state information. The selected configuration is predicted to deliver packets successfully with packet receive rate (PRR) greater than 90%. The evaluation of ESNR in [37] shows that it exploits MIMO feature of IEEE 802.11n and improves the performance of TCP/UDP. Thus, MIMO-OFDM technologies can help to improve the performance of upper layer protocols.
B. Impact of channel bonding
The impact of PLC and channel bonding on the performance of wireless mesh network producing high throughput is evaluated in [38] . Work of [38] is summarized in Table VI . It shows that PLC has a tendency to produce negative effect over high throughput mesh WLANs in an asymmetric channel interference (between 20 MHz and 40 MHz channel). When two communications belong to different channel bondings interfering each other, the transmission through 40 MHz channel is lost. And it leads to produce several unfairness in WLANs. In [38] , it is shown that PLC can improve the upper layer throughput for both links of 20 and 40 MHz in case of 20/40 network scenario. However, in 40/20 MHz condition, PLC is able to improve the throughput significantly only in 20 MHz channel where the overall throughput for 40 MHz channel drops significantly due to the effect of interference of the 20 MHz channel. The 40 MHz channel fails to provide high throughput since it has larger channel width. The network may have symmetric channel interference which means that both channels belong to either 20 or 40 MHz band. In this case, both channels produce long term upper layer throughput fairness following the EDCA air-time fairness mechanism of IEEE 802.11.
C. Impact of frame aggregation
The interaction of MAC with TCP is very important since TCP determines process-to-process (end-to-end) transmission rate between the sender and the receiver. Frame aggregation reduces MAC layer overhead because all subframes within an aggregated frame have a common header and trailer. Hence, frame formation time is reduced in MAC. This increases MAC layer throughput due to which the chance of increase of transport/application layer performance is higher. The endto-end transmission delay decreases as the aggregation size increases since more frames can be delivered within a given period of time in the form of subframes in an aggregated frame. Throughput also becomes saturated after some value of aggregation size because a huge number of subframes will also increase frame error rate. An appropriate mixture of A-MSDU and A-MPDU need to be considered to reduce MAC overhead and increase data rate [10] as discussed in Table VIII . This work presents interactions among IEEE 802.11n, the current QoS and power saving mechanisms. It finds that IEEE 802.11n MAC aggregation mechanisms perform better if combined with original power save mode than with IEEE 802.11e U-APSD mechanism. This work also designs an algorithm using information available only at MAC layer to adapt the amount of IEEE 802.11n aggregation according to the level of congestion in network.
The performance of different existing rate adaptation algorithms is evaluated in [39] presented in Table IX , which shows that the reduction of MAC overhead influences link adaptation mechanism. As a result, transport layer throughput is increased. This work discusses two categories of rate adaption algorithms, which are based on collision in the network. The categorization is made according to the metric selected by the sender and/or receiver to calculate the appropriate bit rate for data transmission.
The appropriate selection of size of frame aggregation helps to select dynamically the number of frames to be transmitted and thus, reduces frame loss ratio. As a result, it becomes an efficient factor for dynamic rate adaptation [17] , [21] , [26] presented in Table VII and Table IX . In [26] , the optimal payload size of frame and MCS value are jointly considered according to SNR of channel to maximize network goodput. Results show that the upper layer throughput is enhanced.
Latency is increased due to a long tail distribution of packet delay. Li et al. [21] proposed a new latency-aware data rate adaptation mechanism that minimizes the tail latency for packet delay-sensitive applications. It considers rate control, software/hardware retransmission dispatching and frame aggregation scheduling. This technique reduces end-to-end transmission delay significantly.
V. IMPACT OF TWO NEW FEATURES OF IEEE 802.11N/AC Some existing works have considered any two enhanced features of HT-WLANs. In Table XI and Table XII , we mention such works. Few of them have considered the impact of these features on upper layer protocols. Block acknowledgement mechanism is enhanced in [40] , [41] without considering TCP/UDP performance. Some papers discuss frame aggregation method with BACK such as [42] [43] [44] [45] [46] . Anwar et al. [47] designed a framework for packet loss differentiation with frame aggregation and BACK. Performance of IEEE 802.11n is analyzed in multi-hop environment using PHY enhancements [48] and MAC enhancements [49] . Deek et al. [9] proposed a rate adaptation technique considering MIMO and channel bonding. A sender-side link adaptation algorithm based on received signal strength indicator (RSSI) is designed in [50] . An efficient channel bonding technique is proposed in [8] . Performance of IEEE 802.11n is examined by some research works [51] , [52] . Channel bonding is an important PHY enhancement and thus, multiple bonding levels can be present simultaneously. Yoriko et al. [53] discussed a mechanism to control coexistence of 20/40 MHz bandwidth. At high data rates, link quality is investigated in [54] focusing on MIMO and channel bonding. Authors in [55] discuss highly integrated MIMO, whereas performance of MAC with MIMO is evaluated in [56] . Channel sensing is also necessary for appropriate channel bonding and it is investigated in [57] .
A. Impact of MIMO and channel bonding
Wider channel bandwidth cannot practically increase the transmission rate according to the theoretical values. Some recent studies [8] , [9] have proved that the performance of channel bonding with MIMO in IEEE 802.11n is influenced by some factors like interference of neighboring channels and loss of signal strength. Wider channel reduces the range of transmission. Therefore, channel management mechanism in HT-WLANs must recognize the behavior of different types of channel bonding levels. On the basis of this understanding, intelligent channel bonding decisions can be made efficiently [8] . Works [8] , [9] are summarized in Table XI . In [7] , an evaluation of the impact of varying Packet Receive Rate (PRR) levels on performance is carried out. This work analyzes characteristics of channel bonding in IEEE 802.11n networks and examines factors that influence the behavior of such bonding. The motivation is that a system can predict the behavior of wireless network to maximize its performance.
Deek et al. [8] proposed an intelligent channel bonding scheme based on the transmitter's knowledge of surroundings like signal strength of the channel, interference patterns, channel utilization etc. By these findings, a system can combine multiple 20 MHz channels intelligently to create 40 MHz, 80 MHz and 160 MHz channels. It also calculates channel bonding throughput gain. The experiments also include UDP results for same links to compare against TCP performance. These results show that both TCP and UDP throughputs are increased in 40 MHz channel compared to 20 MHz channel. Hence, data rate may not be doubled in practical situation, where TCP is more sensitive to packet losses. The channel bonding technique used for these experiments is called intelligent channel bonding. Intelligent bonding enhances TCP/UDP throughput significantly [8] . In [9] , a MIMO based rate adaptation scheme is developed and it increases TCP/UDP throughput effectively considering SNR of the channel, PRR, MCS and channel bandwidth.
There are some parameters which affect performance of channel bonding and thus, affect transport layer throughput [50] . These parameters are RSSI values, signal scattering, MCS values etc. These factors should be considered before performing channel bonding to achieve high throughput. In [50] discussed in Table XI , a dynamic link adaptation mechanism is designed. This is a pure RSSI-threshold based scheme. It minimizes sampling overhead and increases the goodput of the system.
Channel bonding allows to double the PHY rate directly from a 20 MHz channel but MAC and transport/application layer throughputs also depend on other influencing factors (interference, data loss etc.). [53] reports that the rate of a channel bonding mechanism used to create a 40 MHz channel depends on positions of 20 MHz channels used for bonding. This work controls the coexistence of 20 MHz and 40 MHz stations by setting Network Allocation Vector (NAV) to these bands in MAC layer. Authors also explained a coexistence proposal for wireless systems where transmission is carried out in both 20 MHz and 40-MHz channels. They also show that the signal strength of neighboring links has great impact on bonded channels because of interference from channel leakage. This interference reduces the performance of 40 MHz channel. Hence, the overall network throughput degrades.
MIMO can boost up throughput significantly under interference, signal fading and multi-path long distance communications. Channel bonding helps to increase physical data rate. Hence, these two features can impact over upper layer performance collectively and thus, increase end-to-end throughput. Impact of MIMO and channel bonding is analyzed for multihop wireless network [48] . This work is mentioned in Table XII . Kwong et al. [48] presented the performance analysis of different parameters like distance between hops, choice of MCS value, multihop chain distance, backhaul link rate, number of MIMO spatial streams, channel bandwidth etc. These features are required to support specific capacity for each AP and connection rate per station. This work finds that at least 3 spatial streams with 16 QAM and coding rate of 3/4 are required to enable 2 Mbps of connection rate per station per AP following the multihop chain.
Authors in [54] investigated whether high data rates can translate to high link quality in real deployment. In an indoor wireless set up of testbed, it shows that the highest data transmission rate advertised by IEEE 802.11n typically produces losses even in an interference-free environment. Such losses are more acute and can persist at high values of SNR, even at low intensity of interference. It finds that exploitation of spatial diversity and cahnnel bandwith jointly with packet size adaptation can enhance end-to-end performance by reducing packet losses.
B. Impact of frame aggregation and block acknowledgement
Frame aggregation and BACK can increase MAC throughput because they reduce MAC overhead. Therefore, TCP/UDP throughput may increase as well. Interaction between TCP and MAC frame aggregation with BACK is evaluated in [44] . It focuses on the interaction between frame aggregation and TCP through simulations of different TCP congestion control mechanisms such as Reno, NewReno, Vegas, Selective Acknowledgments (SACK) and Tahoe. It is shown that TCP throughput is influenced by different aggregation sizes. Performance evaluation of high throughput MAC is carried out with frame aggregation and BACK [46] . This work shows that frame aggregation can reduce MAC overhead delay effectively by eliminating header for each subframe. Whereas BACK reduces individual acknowledgement transmission overhead. Hence, these two features can be merged efficiently to reduce MAC processing delay and thus, help to enhance upper layer throughput. This work is mentioned in Table XII in the  appendix. Frohn et al. [49] showed that when several stations send data simultaneously, frame aggregation with BACK reduces each station's MAC overhead. Thus, FA with BACK can increase upper layer performance of overall network. It presents MAC throughput as a function of aggregation level, bit error rate (BER) and path length. This work demonstrates that current TCP implementation does not harness the channel bandwidth mechanism provided by PHY layer of IEEE 802.11n.
VI. IMPACT OF THREE ENHANCED FEATURES OF IEEE 802.11N/AC
There are very little research that considered three new PHY/MAC features of HT-WLANs to assess their impact on upper layer performance. Table XIII discusses few works that consider three PHY/MAC enhancements. Using MIMO, channel bonding and frame aggregation, basic performance of IEEE 802.11n is analyzed in [58] . Throughput analysis of IEEE 802.11n is presented with MIMO, channel bonding and BACK [59] . Analysis of VoIP for high throughput transmission is discussed in [60] . Sandip et al. [61] evaluated the TCP performance in burst and correlated losses in high data rate communication.
A. Impact of channel bonding and frame aggregation with BACK
The work in [61] discusses the impact of channel bonding, frame aggregation and BACK on TCP using Minstrel rate adaptation algorithm in mesh wireless networks. It uses four TCP variants: Loss Tolerant TCP (LT-TCP), Network Coded TCP (TCP/NC), TCP-Horizon and Wireless Control Protocol (WCP). TCP/NC shows the poorest performance among the four TCP variants using 20 MHz channel. LT-TCP improves TCP performance compared to TCP/NC at 40 MHz channel under low MCS level. But, TCP-Horizon and WCP improve transport protocol performance over the other two transport protocol variants. These two protocols improve average goodput by balancing available capacity over all flows. One of the important observations is that WCP performance decreases at higher MCS levels in 40 MHz channel and the same also happens for TCP-Horizon. Loss sensitive TCP variants like TCP/NC and LT-TCP outperform WCP and TCP-Horizon at higher MCS levels in 40 MHz channel. The best transport layer protocol variant in a high throughput mesh network depends on the selection of MCS level. It is very difficult for a transport layer protocol to perform well on a multi-MCS high throughput mesh network. One important point is that end-to-end user-level goodput for all TCP variants is typically at most one half of the maximum network capacity when data rate is more than 150 Mbps. WCP performs poorly at 40 MHz channel over 150 Mbps data rate though it performs better than other protocol variants at 20 MHz channel [61] . Impact of Channel Bonding on WCP performance: Channel bonding introduces high error during transmission. In a mesh network, this error propagates to transport/application layer and causes lots of retransmissions in transport layer due to additional noise. Losses in WCP over 40 MHz are due to combined effect of channel errors, network interference and congestion. Channel bonding with dense MCS values shows a negative impact on WCP. Sandip et al. [61] showed the impact of frame aggregation and BACK on WCP performance along with channel bonding. In [61] , it has been shown that A-MSDU performs better than A-MPDU where WCP goodput improves more in A-MSDU, compared to A-MPDU. WCP goodput shows a negative impact for A-MPDUs over 40 MHz channel with dense MCS values. The evaluation of WCP behavior over an IEEE 802.11n+s mesh testbed provides two important observations [61] . First, the current implementation of IEEE 802.11n channel bonding and frame aggregation mechanisms over mesh network is not suitable for supporting high data rates (at 40 MHz channel with dense MCS values). The second observation is that the problem of WCP over 40 MHz with dense MCS cannot be solved only at the transport layer since PHY and MAC layers greatly affect transport layer. To gain theoretically achievable throughput, transport layer should also be enhanced along with enhancements of PHY and MAC layer.
B. Impact of MIMO, channel bonding and frame aggregation
MIMO can boost up throughput significantly under interference, signal fading etc. Channel bonding helps to increase physical data rate. Thus, if frame aggregation that reduces MAC overhead is applied in conjunction with MIMO and channel bonding, TCP/UDP throughput can be further enhanced. As a result, upper layer throughput may be increased in HT-WLANs [58] . Authors of [58] (Table XIII) , evaluate the performance of both IEEE 802.11g and IEEE 802.11n considering a wireless communication scenario in an outdoor experiment. This work shows that distance, SNR of the channel and throughput characterize basic standards of upper layer performance. As a result, TCP/UDP throughput can be enhanced.
C. Impact of MIMO, channel bonding and BACK
BACK reduces the overhead of transmission of acknowledgement frame by sending multiple acknowledgements in a single acknowledgement frame and thus, increases MAC throughput. Combining BACK with MIMO and channel bonding can further help to enhance MAC throughput. Such combination has a positive impact on TCP/UDP throughput [59] . The performance of IEEE 802.11n is evaluated using a well-known OPNET simulator in [59] combining MIMO, channel bonding and BACK. This evaluation considers influence of different types of access categories on the maximum throughput and the achieved Throughput Efficiency (TE). It also shows that higher MCS values can help to improve TCP/UDP throughput. This work is discussed in Table XIII .
D. Impact of channel bonding, SGI and frame aggregation
In [62] , discussed in Table XIII , a dynamic link adaptation mechanism is proposed for HT-WLANs. In this algorithm, channel bonding, SGI, frame aggregation and different MCS levels are combined to construct the configuration set for data transmission. A state transition model is also used to select the best possible data rate. This selection is carried out on the basis of the past information stored in a statistic table. Results show that this proposed algorithm produces significantly better performance in terms of TCP throughput, packet loss ratio and delay than other competing mechanisms.
VII. IMPACT OF ALL NEW FEATURES OF IEEE
802.11N/AC Very few works have considered all enhanced features of PHY/MAC in HT-WLANs and a few of them have analyzed upper layer performance. In the appendix, Table XIV and  Table XV show the recent literature which have included all PHY/MAC enhancements of IEEE 802.11n/ac. PHY enhancements mainly increase physical data rate in spite of the presence of interference, signal fading etc. Whereas, MAC enhancements reduce MAC processing delay and increase MAC throughput. Hence, the combination of PHY and MAC enhanced features can increase upper layer performance as studied in several existing works [63] [64] [65] . In [63] (Table XV), throughput measurement results are analyzed using commercial products which implement the IEEE 802.11n protocol. There is quick drop of end-to-end throughput as the link distance increases. This work also presents a routing tree algorithm minimizing routing delay designed for Wireless Internet-access Mesh Network (WIMNET). The implementation of the algorithm considers the change of link speed by the distance.
In the presence of external interference, experiments in real indoor environment are carried out and they quantify the gain in the average upper layer throughput provided by IEEE 802.11ac. The gain in throughput is compared with IEEE 802.11n [64] . This work is presented in Table XV .
Sandip et al. [65] as given in Table XIV proposed an estimation with sampling scheme to filter out features which are non-preferable. Then, the best configuration features are found dynamically by applying a learning mechanism. It is based on Kalman filtering mechanism which finds the preferable parameter sets from all combinations of possible feature sets. The proposed mechanism improves TCP/UDP throughput significantly considering all PHY/MAC enhancements.
Performance of multimedia multicast transmission requiring high channel bandwidth and low transmission delay is analyzed in [52] mentioned in Table XIV . In this case, upper layer throughput is enhanced with PHY and MAC enhancements.
Charfi et al. [4] presented a survey of QoS and PHY/MAC enhancements of HT-WLANs. This survey discusses elaborately new features of HT-WLANs and their impacts over QoS performance of upper layer protocols. It is mentioned that QoS performance is enhanced by introducing several PHY/MAC enhanced features of HT-WLANs.
The work [66] in Table XIV designs a modified active AP selection scheme and it impacts positively over TCP/UDP performance. In this work, authors propose a modification of the existing active AP selection mechanism to consider the change of link speed. This work also introduces a new design parameter set for WIMNET to choose links having sufficient throughputs to enhance end-to-end throughput effectively.
In Table XV , routing algorithm for IEEE 802.11n is mentioned in [63] , [67] . In this algorithm, a large speed change is considered in order to cope up the IEEE 802.11n network in WIMNET efficiently. In addition to links between APs, the modified algorithm selects links between hosts and their associated APs. The proposed routing mechanism is able to reduce the routing and AP association delay, which in turn helps to boost up TCP/UDP throughput as mentioned in Table XV .
Considering link speed in mesh networks, clustering algorithm is also extended [68] . A clustering algorithm is proposed in this work for composing a large scale of WIMNET efficiently by partitioning APs into a defined set of clusters. For simplicity, this proposed algorithm assumes that link speed remains constant. Whereas, their preliminary experiments found a great decrease of link speed as the link distance increases. It is due to interference in channel. In the proposed mechanism in [68] , the use of clusters helps to decrease transmission delay. Thus, end-to-end throughput can be improved and it is discussed in [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] .
A. Impact of MU-MIMO
MU-MIMO is an important feature of IEEE 802.11ac. Its performance from different perspectives is discussed in [83] [84] [85] . Authors in [83] suggest two transmission schemes working cooperatively to reduce interference in overlapped basic service set (BSS) of IEEE 802.11ac broadcasting network. These schemes are interference alignment (IA) and MU-MIMO with Time Division Multiple Access (TDMA). MU-MIMO with TDMA mechanism requires lower overhead compared to IA. This is because TDMA-based MU-MIMO considers feedback of channel state information (CSI) from AP to station and AP polling transmission. This approach determines the data transmission order of MU-MIMO with TDMA. Thus, the proposed mechanism improves overall network capacity. Fairness in performance: Fairness of IEEE 802.11ac network is examined in some existing works. Khavasi et al. [84] formulated a simple model to design the max-min fair related link adaptation problem. This model guarantees the minimum gain of utility of each receiver node according to its requirement and thus, upper layer performance is improved. The design of a fair multiuser proportional scheduling mechanism is proposed in [85] , which is based on MU-MIMO OFDM. This scheduling scheme is capable of scheduling simultaneous data transmissions to several users and provides a high value of fairness at application level. This mechanism also enables a wireless system to select different transmission parameters appropriately. As a result, user level throughput increases. Table XVIII and Table XIX highlight these works.
B. Impact of MU-MIMO and channel bonding
Measurements reported in [69] (Table XVI) were carried out in an office building. This work shows that IEEE 802.11ac provides significantly better performance than IEEE 802.11n for small distances. These improvements are found to be sensitive to different channel conditions. It is also observed that channel interference severely impacts upper layer performance in an adverse manner. Sur et al. [86] designed MUSE which is a MU-MIMO-based rate selection scheme for IEEE 802.11ac commodity networks. This mechanism uses compressed beamforming feedback from IEEE 802.11ac users and identifies MU-MIMO groups providing the best throughput. MUSE also adjusts channel bandwidth and increases MU-MIMO grouping opportunities. In this work, the evaluation shows that TCP and UDP throughputs are gained significantly over competing schemes mentioned in the work. This is due to the use of MU-MIMO and channel bonding jointly on the basis of beamforming feedback. The impact of MUSE on TCP/UDP throughput is summarized in Table IV [86] . Authors in [86] compared TCP/UDP throughput gains with respect to LegacyUser Selection (Legacy-US) and PUMA [87] . From Table IV , we can observe that application of MU-MIMO with channel bonding can increase upper layer throughput effectively.
In [71] , results demonstrate that in short-range WLANs, channel bonding can produce a significant performance enhancement. Performance enhances when external interference [72] . The MAC protection mechanism and channel bonding can improve cooperatively fairness in applications at upper layer [75] . These works are discussed in Table XVI and Table XVII. [88] (Table XIX) investigates performance when MU-MIMO is considered with channel bonding. This work discusses two important PHY features -MU-MIMO and channel bonding. It is observed that these features can improve significantly several network performance metrices such as delay, TCP/UDP throughput etc.
The performance of stream control transmission protocol (SCTP) and IEEE 802.11ac for data link layer and transport layer is evaluated in [78] (Table XVII) . Results of [78] ensure that SCTP produces better transmission performance compared to traditional TCP. Application of SCTP over IEEE 802.11ac creates a faster and more stable wireless network environment. SCTP and IEEE 802.11ac help to realize the vision for broadband transmission in the era of digital convergence.
Gong et al. [73] proposed carrier sense multiple access with collision avoidance (CSMA/CA) based MAC protocol using three response mechanisms considering downlink MU-MIMO. A per-station queuing mechanism is designed to tackle the problem of hidden node in wireless network. The proposed scheme reduces end-to-end transmission delay [73] . A comparative performance analysis between downlink MU-MIMO and the proposed approach has been carried out. This work and its several issues are discussed in Table XIX . Energy efficiency: Swetank et al. [76] presented an experimental study of IEEE 802.11n/ac power consumption. Energy efficiency in HT-WLANs is also addressed in [77] by considering channel bonding and number of spatial streams. Throughput in IEEE 802.11ac is increased by employing three factorslarger channel bandwidth, denser modulation and higher number of MIMO spatial streams [77] . Utilization of larger channel width is a less energy efficient solution. Higher number of spatial streams is more energy efficient [77] . Thus, TCP/UDP throughput increases with higher MCS values. In [76] , the impact of different features of IEEE 802.11n/ac (MIMO, frame aggregation, channel bonding etc.) are analyzed by considering both power consumption and throughput. Thus, IEEE 802.11ac increases TCP/UDP throughput and network fairness [76] , [77] . A power-efficient protocol exploiting the characteristic of channel bonding is proposed in [79] , which helps in reducing end-to-end transmission delay. These works have been highlighted in Table XVII .
To support downlink MU-MIMO at MAC level, TXOP sharing is proposed and it enhances the mandatory TXOP scheme of wireless network standard [80] , [82] (Table XVIII) 
D. Impact of MU-MIMO, channel bonding and frame aggregation
Explicit compressed feedback (ECFB) scheme for channel sounding is analyzed in [70] . It proposes an extended RTS/CTS scheme to integrate the ECFB operation. This paper also compares IEEE 802.11ac in saturated conditions. Table XVI mentions this work which shows that several PHY/MAC features can enhance upper layer performance. In [90] (Table XVI) , an overview of IEEE 802.11ac is presented with a focus on MU-MIMO, channel bonding and frame aggregation. Performance of IEEE 802.11ac is analyzed with respect to these features. By enabling these features, it is observed that the overall network capacity enhances in IEEE 802.11ac.
Thus, from existing literature, we may conclude that different enhanced features of PHY/MAC of IEEE 802.11ac can increase upper layer throughput significantly and reduce endto-end transmission delay. Several comparative studies related to IEEE 802.11ac are presented in Table XVI -Table XIX. 
IX. FUTURE RESEARCH DIRECTIONS ON THE DESIGN OF IEEE 802.11N BASED NETWORKS
As discussed, IEEE 802.11n introduces some novel PHY/MAC features and these changes have an impact over TCP/UDP throughput. However, weaknesses as reported in the Tables in Appendix indicate that we need to do further research to achieve high goodput at application level performance which is based on HT-WLANs. Open research challenges in this direction are summarized below.
A. Possible Extensions of Existing Works
Further directions in research on IEEE 802.11n are discussed in the following.
1) Design based Research Directions:
In this subsection, we discuss design challenges of existing works.
Design of scheduler for frame aggregation:
A-MSDU and A-MPDU sizes affect the average network throughput and average transmission delay for various TCP congestion control methods [22] . As the aggregation size increases, the number of subframes within an aggregated frame also increases [61] . It reduces MAC layer overhead and increases MAC layer throughput. However, throughput becomes saturated beyond a certain size of aggregation. It is because loss of one aggregated frame causes a loss of a huge number of subframes. Performance of video streaming using frame aggregation is evaluated in [20] .
End-to-end transmission delay decreases as the aggregation size increases since more frames can be delivered within a given period of time in form of subframes in an aggregated frame. It also becomes saturated beyond a size of frame aggregation. Results in [44] show that TCP-NewReno and TCP-SACK outperform other TCP variants using different aggregation sizes. Therefore, an appropriate size of frame aggregation should be used to achieve the maximum TCP throughput under different congestion control mechanisms. An appropriate mixture of A-MSDU and A-MPDU needs to be considered to reduce MAC overhead and increase data rate [10] . An appropriate scheduler combining frame aggregation and BACK considering all existing studies needs to be designed.
2) Evaluation based Research Directions:
Challenges regarding evaluation of proposed mechanisms in the existing literature are summarized in the following. Performance evaluation of TCP congestion control mechanisms:
Enhancement of MAC layer throughput may not always enhance transport layer throughput. For example, TCP traffic uses congestion control mechanisms. Different congestion control mechanisms achieve different throughputs for the same traffic load, frame aggregation schemes [12] and PHY specifications (MIMO, MCS, number of spatial streams) [22] . Performances of different TCP congestion control schemes can be evaluated using PHY enhancements like channel bonding, OFDM-MIMO, different MCS values and short guard interval. There are many frame aggregation algorithms in IEEE 802.11n as discussed in Tables VI -Table XV . Some of these algorithms use different traffic categories. All these algorithms can be evaluated under various TCP congestion control mechanisms to get more insight about the impact of frame aggregation over TCP/UDP goodput. Evaluation of the effect of frame aggregation over TCP/UDP performance in AP association in IEEE 802.11n:
For heterogeneous client stations, an AP association mechanism is designed for IEEE 802.11n in [12] . It utilizes full benefits of frame aggregation but MAC level efficiency is examined in this work. To understand the performance of upper layer protocols, TCP/UDP throughput has to be evaluated for this association scheme.
Application of block acknowledgement in TCP/UDP traffic evaluation:
Tables VI to XV highlight research works which consider block acknowledgement mechanisms. For example, a compressed block acknowledgement scheme is designed in [91] . This new MAC feature can be examined in TCP and UDP traffic along with frame aggregation, QoS and power save mechanisms. TCP/IP capability investigation in Vehicular Internet Environment:
TCP/IP performance of IEEE 802.11n is found to be optimal in low data rate under Vehicular Internet Environment [34] . All new features of IEEE 802.11n have to be incorporated in this performance evaluation. PHY and MAC enhancements of IEEE 802.11n have to be considered to find TCP/IP capabilities in vehicular Internet environment. Note that vehicular mobility imposes a special type of mobility model that may impact underlying link adaptation algorithms which can further be extended to application layer performance.
B. Open Challenges
There are many challenges associated with IEEE 802.11n, which have to be resolved to practically obtain high throughput. These challenges are discussed in the following.
1) Design based Research Directions:
Design related challenges are presented in the following.
Design of effective channel bonding mechanisms:
An intelligent channel bonding method is discussed in [8] . However, this work and similar other works do not consider impact of channel bonding on application performance. The challenge is to design an efficient and intelligent channel bonding algorithm to improve the performance of transport layer protocols.
2) Evaluation based Research Directions:
Limitations in research to evaluate interaction of IEEE 802.11n and transport layer protocols are stated in the following. Exploit the interaction between IEEE 802.11n and transport layer protocols:
Protocols like TCP is negatively impacted by channel bonding at high MCS. Therefore, the current implementation of IEEE 802.11n is able to provide physical data rates less than 250 Mbps. In [61] , it was observed that physical and MAC enhancements in IEEE 802.11n do not translate fully into the performance of transport layer protocols like TCP. This study provides a challenge for researchers to exploit interactions between IEEE 802.11n and transport layer protocols to exploit the full capacity of physical high data rate communication and achieve higher throughput in WLANs. Hence, an effective co-ordination mechanism has to be designed between MAC protocol and transport protocols.
Performance evaluation of OFDM-MIMO:
OFDM-MIMO is an important enhancement of PHY layer. OFDM-MIMO enhances the range of data transmission and TCP throughput [36] . The performance of OFDM-MIMO can be examined using channel bonding, short guard interval and frame aggregation. So, TCP throughput can be evaluated with OFDM-MIMO along with MAC layer enhancements.
X. FUTURE RESEARCH DIRECTIONS FOR IEEE 802.11AC NETWORKS
Use of a wider channel increases the chance of suffering from external interference. However, faster transmission compensates the negative impact of the external interference. In this way, all new features introduced in IEEE 802.11ac have an impact on system performance. However, there are many challenges to obtain theoretically achievable high throughput practically in IEEE 802.11ac. Some of these challenges are summarized in the following subsections.
A. Possible Extensions of Existing Works
Future works as recorded in the existing literature for IEEE 802.11ac are discussed in the following.
1) Design based Research Directions:
In IEEE 802.11ac, design issues raised in the existing literature are mentioned in the following.
Effective design of Explicit Compressed Feedback (ECFB) channel sounding policy:
The ECFB discussed in [70] is a channel sounding technique that should be designed in a novel way to reduce overhead in a non-saturated condition. To make a request of on-demand CSI to some specific stations is the easiest option to overcome these overheads. This type of request can be made only when the sender has data directed to the receiver. Effective design of ECFB channel sounding policy is also a challenge in IEEE 802.11ac. That may help to achieve high throughput.
2) Evaluation based Research Directions:
Challenges in evaluation of existing mechanisms in IEEE 802.11ac are summarized as follows. Estimation of the overhead loss of IA and coordinated multi-point (CoMP) under non-stationary conditions:
Gains of IA and CoMP over TDMA-based MIMO as discussed in [74] are 30% and 70% respectively under stationary conditions. In dense deployment, the frequency domain granularity of the feedback can be reduced to about every 8th subcarrier (5 MHz), without sacrificing performance. One future work could be to find the update rate needed to estimate the loss of IA and CoMP under non-stationary conditions.
Performance evaluation of Multi-packet reception (MPR) with Multi-user RTS/CTS (MU-RTS/CTS):
Simultaneous transmissions to multiple users help to increase the overall network throughput [85] . A MU-RTS/CTS mechanism discussed in [70] , allows a station to transmit frames to more than one station simultaneously. However, MPR can reduce chances of collisions and thus, it helps to improve the overall system performance. MPR requires a synchronization among distributed wireless stations, which applies MU-RTS/CTS handshaking. It is a better approach than simple Multi User Basic (MU-Basic). So, MU-Basic should be extended to allow MPR. The performance of MPR along with MU-RTS/CTS can be evaluated in IEEE 802.11ac and it is a challenge to achieve higher upper layer throughput through this mechanism.
Evaluation and modification of CSMA/CA based downlink MU-MIMO (DL MU-MIMO):
Evaluation of CSMA/CA based DL MU-MIMO protocol [73] using channel bonding, frame aggregation and short guard interval is a future work. Modification of this mechanism considering all enhanced features of IEEE 802.11ac is a challenge to achieve very high throughput in upper layer.
B. Open Challenges
There are many open issues in IEEE 802.11ac, which are mentioned in the following.
1) Design based Research Directions:
Design related challenges regarding IEEE 802.11ac are discussed in the following.
Impact of reverse direction feature and MU-MIMO:
Reverse direction method and MU-MIMO can also be applied in the performance evaluation of TCP and UDP to observe their effects on upper layer. Existing studies do not consider about the impact of reverse direction over application performance.
Application of Beamforming technology:
Beamforming technology is a PHY layer enhancement in IEEE 802.11ac [92] . Beamforming technology could be modified to get better performance in HT-WLANs and thus, to achieve very high throughput at upper layer.
Consideration of MAC and the network routing protocols together:
Hidden nodes reduce the performance of other nodes and decrease network throughput. Thus, it should be considered in wireless multi-hop mesh network. MAC and network routing protocols are needed to be considered together since there are multiple stations as destinations in single MU-MIMO data transmission. This improvement is a challenge in IEEE 802.11ac. Design of an adaptive scheduling algorithm considering different enhanced parameters of IEEE 802.11ac:
The number of wireless stations and the size of the queue in a station have a significant impact on the performance of a system in a non-saturated condition [81] . When the number of stations is very high, heterogeneous types of destinations in packets make it difficult to achieve full advantage of frame aggregation in MU-MIMO based IEEE 802.11ac WLANs. Existing schedulers do not consider all PHY/MAC features of IEEE 802.11ac [93] , [85] , [94] . As a consequence, the challenge is to design an effective scheduler to perform frame aggregation to achieve high throughput in upper layer. Designing an effective multi-level frame aggregation for different access categories using the concept of dynamic channel management is a great challenge in IEEE 802.11ac. This approach can play an important role to increase TCP/UDP throughput and thus, it can meet high system throughput.
An adaptive scheduling algorithm which can jointly consider different novel parameters of IEEE 802.11ac may play an important role to improve system performance. There are several factors which influence the system throughput such as spatial stream per frame allocation, size of aggregated frames (A-MSDU and A-MPDU), number of nodes per antennas, channel bandwidth, queuing state information and channel interference conditions. In this regard, it is also needed to consider some points such as minimization of frequency of channel sounding, maximization of system throughput and minimization of unfairness to active stations. Designing an adaptive scheduling algorithm considering all these parameters is a great challenge in very high throughput WLANs.
2) Evaluation based Research Directions:
In evaluation, some works need to be followed to address open challenges in IEEE 802.11ac.
Open challenges in evaluation of mechanisms in IEEE 802.11ac are summarized as follows. Determination of appropriate combination of configuration parameters:
From Table XVI -Table XIX , we may conclude that the use of channel bonding in combination with other mechanisms in IEEE 802.11ac such as multi-user beamforming and multilevel frame aggregation is still an open challenge. In this respect, several new trade-offs have to be considered. For instance, for a given transmission power, the use of wider channels implies that the signal to noise ratio per subcarrier will be lower. This situation may require the selection of more robust modulation schemes and coding rates. Otherwise, the gain in throughput may be lost. When multi-user beamforming is considered, the use of wider channels requires a larger amount of CSI [95] which is fed back to the AP from stations. Hence, network overhead is increased. Finally, frame aggregation is needed to reduce high frame and protocol overheads in MAC layer. Also, the gain in throughput provided by channel bonding can be achieved. However, it may not be a good solution if secondary channels have a high alternating rate between busy and free states. In this case, transmissions containing multiple frames have a higher chance of being corrupt by external interference. Aforementioned trade-offs need to be carefully studied in order to determine an appropriate configuration parameters in each specific scenario such that very high throughput can be achieved in upper layer.
Effect of dynamic bandwidth management:
Dynamic bandwidth management is a new PHY feature introduced in IEEE 802.11ac [72] . This feature was not included in IEEE 802.11n. The aim of this mechanism is to produce better throughput than IEEE 802.11n. Dynamic bandwidth management is introduced to manage the set of primary channels and secondary channels in wide bandwidth conditions. Hence, this feature should be considered for performance evaluation of IEEE 802.11ac. Further, the impact of this mechanism over upper layer performance has to be evaluated.
XI. GENERAL RESEARCH CHALLENGES: DIRECTIONS FOR FUTURE HT-WLAN DEVELOPMENTS
In this section, we summarize future research directions which are common to both high throughput wireless network extensions -IEEE 802.11n and IEEE 802.11ac.
A. Possible Extensions of Existing Works
We discuss possible extensions of existing research works in the following.
1) Design based Research Directions:
For both IEEE 802.11n and IEEE 802.11ac, design related challenges of existing works are discussed in the following.
Design of MU-MIMO antenna:
MU-MIMO was introduced in IEEE 802.11ac and it can increase throughput of wireless networks significantly [85] , [96] [97] [98] [99] . MU-MIMO can also be incorporated into IEEE 802.11n. Hence, there is a design issue of MU-MIMO antenna in both IEEE 802.11n and IEEE 802.11ac.
In [100] , Tomlinson-Harashima Precoding (THP) processing technique is employed to design MU-MIMO systems. In this work, it is shown that the performance of THP depends heavily on the sequence of precoded symbols. The optimal ordering algorithm is impractical for MU-MIMO with multiple receive antennas as users are geographically distributed. Proposed THP-based algorithms in [100] apply degrees of freedom to transmit data by constructing a set of branches, that lead to an extra transmit diversity gain. Javier et al. [101] addressed the problem of design of precoder in a MIMO broadcast environment with battery-powered terminals. In this work, power consumption model of radio frequency (RF) and decoding stages are included in the design of the proposed scheme. The sum-rate maximization is also considered in this mechanism as an optimization policy.
Authors in [102] proposed a secure transmission scheme by applying various beamforming matrices to data signals and pilot signals. In this work, the beamforming matrix is generated in a way that legitimate users can derive the channel matrix. The generated matrix is experienced by data signals on the basis of pilot signals. The proposed beamforming scheme in [102] is formalized as an optimization problem that maximizes the minimum signal-to-interference-plus-noise ratio (SINR). In [103] , frequency selectivity of current wireless channel bandwidths is considered to optimize MU-MIMO. Further, the occupied channel bandwidth is divided into equal sub-channels according to the level of selection of frequency. Each sub-channel is allocated as per the largest bandwidth.
Considering all aforementioned works, we can see that proposed schemes and methodologies may be employed in designing MU-MIMO spatial streams in HT-WLANs. These developments could help to enhance transport/application layer throughput as MU-MIMO increases the overall system performance in IEEE 802.11n/ac.
2) Evaluation based Research Directions:
Evaluation related shortcomings of researches in IEEE 802.11n/ac are stated in the following. Impact of channel bonding over upper layer protocols using QoS and power save mode:
An evaluation of the effect of channel bonding over upper layer protocols using QoS and power save mode (U-APSD, S-APSD, IEEE 802.11 power save mode) can be undertaken. QoS and power save mode are important factors which can be incorporated with enhancements of PHY and MAC in IEEE 802.11n. Thus, these factors may lead to increase in the goodput [58] . A basic problem in IEEE 802.11 is to find out the cause of packet loss accurately. It is becoming increasingly important since wireless data rate is scaling to Gbps. In [47] , a loss differentiation framework, Burst Loss Monitor (BLMon), has been proposed. BLMon can differentiate losses accurately with minimal overhead. It applies loss patterns in aggregate frames. Aggregate frames retry to achieve loss differentiation accurately with low overhead. This model can be used with channel bonding and power save mode. As a result, we can find the effect of this model over transport layer protocols in both IEEE 802.11n and IEEE 802.11ac.
B. Open Challenges
In this section, we discuss open challenges of both IEEE 802.11n and IEEE 802.11ac related works with respect to both design and evaluation points of view.
1) Design based Research Directions:
Design related issues of IEEE 802.11n/ac are summarized in the following.
Design of link adaptation mechanism:
Link adaptation is a very important issue in WLAN. There are many rate adaptation mechanisms in IEEE 802.11 WLANs [18] , [21] , [33] , [50] , [104] [105] [106] [107] . But, none of them are able to meet theoretically achievable throughputs in practical scenarios in IEEE 802.11n/ac. Moreover, there is no such rate adaptation algorithm which can consider all enhanced features introduced in IEEE 802.11n/ac. A performance analysis of ARAMIS (Agile Rate Adaptation for MIMO Systems) discussed in [9] can be evaluated using TCP and UDP traffic. To find out the impact of Minstrel rate adaptation algorithm over transport layer protocols in IEEE 802.11n is also a challenge. A combination of intelligent channel bonding and different rate adaption algorithms can be applied to find their impact over upper layer protocols in IEEE 802.11n. IEEE 802.11ac should also adapt to dynamic link condition to achieve the maximum physical data rate [84] , [93] .
In one of our works, we designed a cross-layer link adaptation mechanism [62] which considers channel bonding, SGI, frame aggregation and various MCS levels in IEEE 802.11n. In the analysis section, we have shown that performance of a wireless system deteriorates as the number of stations increases or the signal strength of the channel decreases. In our another work [108] , we developed an intelligent distributed link adaptation scheme in IEEE 802.11ac considering channel bonding, frame aggregation, SGI and MCS levels. In this work, it is also observed that low signal quality and high number of stations affect the overall network performance negatively. As a result, proper tuning of PHY/MAC features of HT-WLANs is necessary according to the channel condition for high quality link adaptation.
Hence, designing an efficient link adaptation mechanism is very much needed to gain very high throughput in dynamic channel environment. Abedi et al. [109] proposed a scheme for estimation of frame error rate (FER) of one PHY/MAC configuration set from FER of another set. Thus, to design an optimization algorithm that can find optimal link configuration set, it is not needed to find FERs of all configurations. Using the methodology proposed in [109] , a subset of all configurations in HT-WLANs can be used to find performance of all such sets. As a result, an efficient link adaptation algorithm can be developed from a small PHY/MAC configuration set.
MUSE rate adaptation scheme considers MU-MIMO and channel bonding features of IEEE 802.11ac [86] . The compressed beamforming feedback used by MUSE can also be engaged to apply dynamic channel management mechanism. Further, in low congested scenario, SGI can be activated. ESNR proposed in [37] , selects rate and delivers packets on the basis of CSI. But, it applies only MIMO in IEEE 802.11n. As a consequence, none of MUSE and ESNR fully exploit HT-WLANs. So, a learner can be designed for both MUSE and ESNR, using a machine learning technology such as multi-armed bandit, reinforcement learning etc. Depending on beamforming feedback, this learner will tune data rate using MU-MIMO, channel bonding and SGI. Also, it will be able to perform dynamic channel management. So, the challenge is to develop an effective rate adaptation algorithm considering new features of IEEE 802.11n/ac to achieve very high TCP/UDP throughput.
Design of efficient power management mechanism:
Through experiments, Swetank et al. [76] investigated the impact of different features of IEEE 802.11n/ac over throughput, energy consumption and their trade-offs. Energy efficiency using enhanced PHY features and the study of interference characterization are important issues in IEEE 802.11ac [77] . In this work, through IEEE 802.11ac testbed experiments, it is shown that utilization of larger channel width is less energy efficient for higher power consumption during idle listening mode. In [79] , it is experimentally verified that wider bandwidth consumes more energy, whereas power consumed during idle or receive (RX) state depends considerably on channel bandwidth which is quite comparable to transmit (TX) state power. By these observations, a power save operation is proposed in [79] .
Ucar et al. [110] addressed the relationship between energy efficiency and throughput performance in multi-rate IEEE 802.11 network. In this work, it is experimentally shown that a small degradation in throughput may result in energy efficiency. Trade-off between energy efficiency and throughput arises due to the power consumption of wireless cards. These studies imply that rate adaptation mechanism can be developed by taking power consumption of wireless interface into account. One may attempt to design a distributed energyefficient model for HT-WLANs where each wireless station is able to select its data rate. In such efforts, the effect of different PHY/MAC configurations over power consumption should be examined. On its basis, new link adaptation schemes can be developed for HT-WLANs. Then, the impact of such rate adaptation schemes over upper layer protocols can be evaluated.
None of these works consider all new features of IEEE 802.11ac and thus, can not evaluate the effect of different combinations of PHY and MAC features over power consumption. Energy consumption is a serious issue in smartphones. Hence, power efficient protocols should be designed considering all PHY and MAC features of IEEE 802.11n/ac. Then, it will be useful for next generation mobile phones. In addition to very high throughput, energy efficiency will improve the network performance of upper layer in such devices. Design of multilevel frame aggregation scheduler with block acknowledgement:
Frame aggregation and block acknowledgement help to reduce MAC overhead. Their collective contributions can further enhance MAC efficiency. Several existing literature discussed in Table VI -Table XIX consider these two new MAC features. In these tables, we have discussed the strengths and weaknesses of works related to frame aggregation and BACK and have also explained impacts of these works over transport/application layer protocols. Frame aggregation mechanism in IEEE 802.11n is discussed in [42] . This work shows how a station can combine several MSDUs for transmitting data to multiple destinations. Then, the aggregated AMSDU is transmitted to AP. Thereafter, the AP packs multiple MSDUs (with the same destination address) from different source addresses and sends them to a single destination. Thus, an A-MSDU frame is not transmitted to multiple receivers. All MPDUs in an A-MPDU carry the same TID to work with BACK mechanism efficiently, in which A-MPDU is different for each user.
So, A-MSDU and A-MPDU can work cooperatively to enhance efficiency of frame aggregation technique. It is a great challenge to combine both A-MSDU and A-MPDU to create a multilevel scheduler to take full advantage of frame aggregation. Further, block acknowledgement can also be incorporated into multilevel frame aggregation. Hence, the open challenge is to design an efficient multilevel frame aggregation mechanism combined with block acknowledgement scheme.
2) Evaluation based Research Directions:
Challenges regarding evaluation of IEEE 802.11n/ac related mechanisms are stated as follows.
Effect of multicast transmission:
Multicast transmission can improve throughput by transmitting data to multiple stations simultaneously. In wireless environment, multicast transmission related issues are investigated in [111] . These issues have raised some points such as dynamic routing protocols which are examples of multicast communications in wireless networks. Nowadays, effective network routing is not possible without multicast transmission. However, we need specific optimization in multicast transmission in wireless environment and various multicast issues need to be explored in various network layers. Thus, an optimization of multicast transmission is required for improving dynamic routing mechanisms which further enhance performance of network layer. As a result, the application throughput can be improved. In HT-WLANs, analyzing the effect of multicast transmission over upper layer protocols using channel bonding, frame aggregation and BACK is also an open challenge in IEEE 802.11n/ac.
Effect of mobility:
Mobility can produce a great impact over performance of HT-WLANs. It may degrade the overall network performance due to dynamic positions of wireless stations [58] . Chen et al. [112] carried out some experiments to show that rapid fluctuation of channel conditions and channel asymmetry are two salient features of wireless channel in mobile environment. Thus, it becomes critical to have an efficient rate adaptation scheme in IEEE 802.11, which can handle these issues. A rate adaptation mechanism called Rate Adaptation in Mobile environments (RAM) was designed and implemented for IEEE 802.11 legacy standards in MadWifi device driver [112] . This type of scheme can also be developed for HT-WLANs by taking mobility into account.
Different enhanced features of PHY/MAC in HT-WLANs highly depend on various parameters of wireless channel such as signal strength, interference etc. Values of these parameters influence the performance of enhanced features of HTWLANs. As the channel condition changes rapidly in a mobile environment depending on the position of wireless station, the overall performance of HT-WLANs depends on mobility. Effect of mobility on intelligent channel bonding mechanism as proposed in [8] can also be examined using TCP/UDP traffic along with frame aggregation and BACK. Effects of mobile environment also need to be considered while developing any new mechanism/protocol in IEEE 802.11n/ac high throughput WLANs.
Channel Access Fairness:
Enhanced features of PHY and MAC of HT-WLANs have many internal trade-offs in different channel conditions [62] . Channel bonding may provide unfairness because neighboring APs choose bonding levels independently. In one of our works, we have investigated the effect of channel bonding on throughput fairness in a testbed experiment [113] . We grouped several STAs on the basis of bands they used. Table V describes scenarios used in the experiment, whereas results are shown in Figure 10 and Figure 11 . These figures indicate that there is a high impact of co-channel interference over Jain's Fairness Index (JFI). Also, dynamic bandwidth channel management suffers from interference ( Figure 10 ). For overlapping channels (S9-S12), throughput deviation is very high and it is due to the inter-channel interference (Figure 11 ). Therefore, new MAC layer mechanism should be designed to enhance channel access fairness as we proposed in [113] . In this work, we also evaluated the fairness of TCP/UDP throughput of the proposed approach. Design of a fairness maximization algorithm for upper layer considering all enhanced features of HT-WLANs is a challenging issue.
XII. CONCLUSION
This survey provides a deep study of fundamental concepts and mechanisms of high throughput WLANs with their impacts on application performance. We have considered IEEE S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 Jain Fairness Index Figure 10 .
Jain Fairness Index (JFI) for the 12 scenarios: S9-S12 have minimum fairness index indicating that co-channel interference is a serious issue [113] Maximum STA throughput and throughput deviation for the 12 scenarios: S9-S12 have maximum throughput deviation [113] 802.11n amendment which provides high throughput by extending PHY and MAC features. We have also considered IEEE 802.11ac which provides very high throughput and this specification is an extension of the latest IEEE 802.11n. Main innovative concepts which have been introduced in MAC layer of HT-WLANs are frame aggregation and BACK mechanism. High throughput standards can achieve a maximum data rate of 7 Gbps (IEEE 802.11ac) with advanced signal processing mechanisms such as MIMO spatial multiplexing, transmit beamforming etc. These techniques enhance the range of WLANs significantly. Additionally, system throughput and reliability also increase. Further, HT-WLANs increase the channel capacity using wide frequency bands (maximum of 160 MHz in IEEE 802.11ac) with MIMO-OFDM technique. Channel bonding and OFDM-MIMO are new enhanced features in HT-WLANs. The MIMO technology improves performance since it relies on antenna diversity and spatial multiplexing. This type of multiplexing allows a wireless station to transmit and receive from multiple spatial channels at once. IEEE 802.11ac can support a maximum of 8 × 8 MIMO streams and thus, it can provide better performance than legacy standards. In IEEE 802.11ac , MAC layer supports frame aggregation mechanism with larger frame size as well as a new TXOP sharing technique. This standard can also use downlink MU-MIMO technology (up to four clients).
We have surveyed the impact of enhancements of PHY and MAC layer of IEEE 802.11n and IEEE 802.11ac on transport/application layer performance. We have reviewed different enhanced PHY and MAC schemes which have some effect on the performance of upper layers. In this survey, we have shown that few research works have considered all new features of PHY and MAC layers of high throughput WLANs. Some of them have discussed about TCP/UDP throughput. Hence, the evaluation of performance of upper layers using all enhanced parameters of PHY/MAC is still an open research area in HT-WLANs. Link adaptation mechanism is also an important issue to adjust data rate dynamically depending on the channel condition. It is a challenge to develop an efficient link adaptation mechanism in HT-WLANs to achieve theoretically achievable throughput in practical scenarios. To compute the impact of these PHY/MAC enhancements on TCP/UDP performance in different network scenarios is a future research area in HT-WLANs.
The physical layer capacity of wireless technology has been boosted up significantly by recent developments. In spite of this enhancement, the improvement of performance in upper layers remains still a big challenge in next generation WLANs. 
